. Dipeptidyl peptidase IV inhibition potentiates amino acid-and bile acid-induced bicarbonate secretion in rat duodenum. Am J Physiol Gastrointest Liver Physiol 303: G810 -G816, 2012. First published July 19, 2012 doi:10.1152/ajpgi.00195.2012Intestinal endocrine cells release gut hormones, including glucagonlike peptides (GLPs), in response to luminal nutrients. Luminal L-glutamate (L-Glu) and 5=-inosine monophosphate (IMP) synergistically increases duodenal HCO 3 Ϫ secretion via GLP-2 release. Since L cells express the bile acid receptor TGR5 and dipeptidyl peptidase (DPP) IV rapidly degrades GLPs, we hypothesized that luminal amino acids or bile acids stimulate duodenal HCO 3 Ϫ secretion via GLP-2 release, which is enhanced by DPPIV inhibition. We measured HCO 3 Ϫ secretion with pH and CO2 electrodes using a perfused rat duodenal loop under isoflurane anesthesia. L-Glu (10 mM) and IMP (0.1 mM) were luminally coperfused with or without luminal perfusion (0.1 mM) or intravenous (iv) injection (3 mol/kg) of the DPPIV inhibitor NVP728. The loop was also perfused with a selective TGR5 agonist betulinic acid (BTA, 10 M) or the non-bile acid type TGR5 agonist 3-(2-chlorophenyl)-N-(4-chlorophenyl)-N,5-dimethylisoxazole-4-carboxamide (CCDC; 10 M). DPPIV activity visualized by use of the fluorogenic substrate was present on the duodenal brush border and submucosal layer, both abolished by the incubation with NVP728 (0.1 mM). An iv injection of NVP728 enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion, whereas luminal perfusion of NVP728 had no effect. BTA or CCDC had little effect on HCO 3 Ϫ secretion, whereas NVP728 iv markedly enhanced BTA-or CCDC-induced HCO 3 Ϫ secretion, the effects inhibited by a GLP-2 receptor antagonist. Coperfusion of the TGR5 agonist enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion with the enhanced GLP-2 release, suggesting that TGR5 activation amplifies nutrient sensing signals. DPPIV inhibition potentiated luminal L-Glu/IMP-induced and TGR5 agonist-induced HCO 3 Ϫ secretion via a GLP-2 pathway, suggesting that the modulation of the local concentration of the endogenous secretagogue GLP-2 by luminal compounds and DPPIV inhibition helps regulate protective duodenal HCO 3 Ϫ secretion.
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glucagon-like peptide-2; L cells; TGR5; monosodium glutamate; taste receptor POSTPRANDIAL NUTRIENT SENSING in the upper gastrointestinal mucosa regulates physiological mucosal responses in addition to controlling motility and secretion during digestion via the release of gut hormones and activation of neuronal pathways (1, 7) . Luminal nutrients stimulate cognate intestinal epithelial nutrient receptors in order to exert rapid physiological responses. As luminal concentrated acid and high PCO 2 enhance mucosal defense mechanisms in the duodenal mucosa (2) , luminal nutrients may also affect mucosal responses to counter mucosal injury during digestion. Detection of luminal chemicals by mucosal surface sensors is attributed to nutrient sensing G protein-coupled receptors (GPCRs) expressed in the apical membranes of hormone-releasing enteroendocrine cells (11) . Enteroendocrine L cells produce glucagon-like peptide-1 (GLP-1) and GLP-2 simultaneously from a prohormone, proglucagon. Stimulation of nutrient sensing receptors on L cells is emerging as a treatment for diabetes, since L cells release an incretin GLP-1 (9) . L cells also release GLP-2, which has an intestinotropic effect (8) . Duodenal HCO 3 Ϫ secretion is the most studied defense mechanism against gastric acid. We have demonstrated that intravenous (iv) infusion of GLP-2, not GLP-1, stimulates duodenal HCO 3 Ϫ secretion in rats (39) . GLP-2 also increases mesenteric blood flow (14) , another foregut mucosal defense factor. Furthermore, the activation of an amino acid receptor, taste receptor 1 family heterodimer T1R1/T1R3, known as the umami receptor, by luminal perfusion of L-glutamate (L-Glu) with 5=-inosine monophosphate (IMP) increases duodenal HCO 3 Ϫ secretion via GLP-2 release and GLP-2 receptor activation, followed by nitric oxide (NO) and vasoactive intestinal peptide (VIP) release (4, 39) . These studies suggest that the stimulation of nutrient-sensing GPCRs on L cells by luminal chemicals not only modulates glucose metabolism but also protects the duodenal mucosa from injury via the GLP-2 pathway.
Dipeptidyl peptidase IV (DPPIV), a serine protease, rapidly deactivates hormones and cytokines by cleaving their NH 2 -terminal dipeptide (27) . For instance, the half-life of plasma GLP-1 is ϳ2 min owing to DPPIV activity. DPPIV inhibitors therefore are used as antidiabetic therapy because of their enhancement of the insulinotropic effect of GLP-1 (9) . Since GLP-2 is also a substrate for DPPIV (27) , we hypothesized that DPPIV inhibition potentiates the stimulated HCO 3 Ϫ secretion by luminal nutrients.
Bile acids along with gastric acid are major components of the postprandial duodenal lumen. Luminal perfusion of taurocholic acid increases GLP-1 release in isolated vascularly perfused rat ileum (10) . L cells express the bile acid receptor TGR5 (GPBAR, GPR131) (34) , and TGR5 is involved in glucose-induced GLP-1 release (23, 36) . In an L cell model GLUTag cells, bile acids increase the release of GLP-1 as well as GLP-2 (33). Therefore, we further hypothesized that luminal bile acids may modulate duodenal HCO 3 Ϫ secretion via TGR5 activation and GLP-2 release.
Here we show that DPPIV inhibition enhanced L-Glu/IMPinduced HCO 3 Ϫ secretion. The selective TGR5 agonists had little effect on HCO 3 Ϫ secretion, whereas DPPIV inhibition potentiated TGR5 agonist-induced HCO 3 Ϫ secretion. Furthermore, the TGR5 agonist enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion accompanied by increased GLP-2 release. Therefore, the combination of luminal nutrient sensor ligands and DPPIV inhibition potently enhances duodenal defense against acid injury. Louis, MO). Krebs solution contained (in mM) 136 NaCl, 2.6 KCl, 1.8 CaCl2, and 10 HEPES at pH 7.0. Osmolarity was adjusted to isotonic by reducing NaCl concentration. pH of Krebs solution after dissolving the compound was adjusted to pH 7.0. All solutions were prewarmed at 37°C in a water bath, and temperature was maintained with a heating pad. All studies were performed with approval of the Veterans Affairs Institutional Animal Care and Use Committee. Male Sprague-Dawley rats weighing 200 -250 g (Harlan, San Diego, CA) were fasted overnight but had free access to water.
METHODS

Chemicals and animals
Localization of DPPIV activity in rat duodenum. The spatial localization of DPPIV enzyme activity was determined by using frozen sections of rat duodenum with the fluorogenic DPP substrate GlyPro-AMC (29, 38) , via a method modified from that used to detect intestinal alkaline phosphatase activity in rat duodenum (3) . After incubation of frozen sections, cut at 8-m thickness, with propidium iodide (1 M) for nuclear staining, Krebs solution containing 1 mM GlyPro-AMC was applied on the frozen section for 1 min with or without NVP728 (0.1 mM). The sections were observed under a fluorescent microscope with an excitation 380 nm and emission 460 nm during the reaction. Images were recorded with a cooled chargecoupled device video camera (Hamamatsu Orca-EN; Hamamatsu USA, Bridgewater, NJ) and were analyzed with image analysis software (OpenLab; Improvision, Lexington, MA).
Measurement of duodenal HCO 3 Ϫ secretion. Duodenal loops were prepared and perfused as previously described (3, 4, 31) . In brief, under isoflurane anesthesia (2%), the proximal duodenal loop (perfused length 2 cm) was perfused with pH 7.0 normal saline by using a peristaltic pump (Fisher Scientific, Pittsburgh, PA) at 1 ml/min. The perfusate was bubbled with 100% O2, and stirred and warmed at 37°C with a heating stirrer (Barnstead International, Dubuque, IA). The pH of the perfusate was kept constant at pH 7.0 with a pH stat (models PHM290 and ABU901; Radiometer Analytical, Lyon, France). Furthermore, to eliminate buffering by added compounds, which would over-or underestimate the pH-stat titration volume, two sets of flow-through pH and CO 2 electrodes (Lazar Research Laboratories, Los Angeles, CA) were connected in the perfusion loop where pH and CO 2 concentration ([CO2]) were simultaneously and continuously measured. Since the input (perfusate) [CO2] is ϳ0, the effluent [CO2] and pH were used to calculate the total CO 2 output equivalent to the secreted HCO 3 Ϫ as previously described (3, 31) . To prevent contamination of the perfusate from bile or pancreatic juice, the pancreaticobiliary duct was ligated just proximal to its insertion into the duodenal wall and cannulated with a PE-10 tube to drain the juice. After stabilization with continuous perfusion of pH 7.0 saline for ϳ30 min, the time was set as t ϭ 0. The duodenal loop was perfused with pH 7.0 saline from t ϭ 0 min until t ϭ 10 min (basal period). The perfusate was then changed to pH 7.0 Krebs buffer from t ϭ 10 min until t ϭ 35 min (challenge period), with or without chemicals. At t ϭ 10 min, the system was gently flushed so as to rapidly change the composition of the perfusate. Duodenal HCO 3 Ϫ secretion was expressed as total CO2 output calculated from the measured pH and [ CO 2] in the effluent solution as previously reported (3, 4) .
Experimental protocol. We have reported that luminal perfusion of L-Glu or IMP alone had little effect on duodenal HCO 3 Ϫ secretion, whereas coperfusion of L-Glu and IMP synergistically increased HCO 3 Ϫ secretion (4, 39) . To investigate the effect of DPPIV inhibition on amino acid-induced HCO 3 Ϫ secretion, the DPPIV inhibitor NVP728 was coperfused (0.1 mM) or bolus iv injected (1 or 3 mol/kg) with the luminal perfusion of L-Glu (10 mM) and IMP (0.1 mM).
To examine the effect of TGR5 agonists on duodenal HCO 3 Ϫ secretion, the duodenal loop was perfused with the TGR5 selective agonist BTA (10 M) (13) or CCDC (10 M) (12) with or without bolus iv injection of NVP728 (3 mol/kg). To further examine the role of TGR5 activation in the nutrient-induced HCO 3 Ϫ secretion, BTA or CCDC was coperfused with L-Glu and IMP.
To confirm that the GLP-2 pathway is involved in the stimulated HCO 3 Ϫ secretion, a GLP-2 receptor antagonist GLP-2(3-33) (3 nmol/ kg) was bolus iv injected before the challenge period (t ϭ 10 min) as previously described (39) .
Measurement of GLP-2 in portal venous blood. Plasma concentration of GLP-2 was measured in the portal venous blood samples. The samples were collected after 25-min challenge period using a syringe containing 1 l each of EDTA (0.5 mM) and NVP728 (10 M). The samples were immediately centrifuged at 3,000 g for 5 min and their plasma were stored at Ϫ80°C until measurements. Plasma was diluted with Tris·HCl buffer (50 mM, pH 7.4) containing a protease inhibitor cocktail (1 mg/ml, Sigma) and NVP728 (10 M). Plasma concentration of total GLP-2 was measured by using a GLP-2 (rat) enzyme immunoassay kit (ALPCO Diagnostics, Salem, NH) according to the manufacturer's protocol.
Statistics. All data are expressed as means Ϯ SE. Data were derived from six rats in each group. Comparisons between groups were made by one-way ANOVA followed by Fischer's least significant difference test. P values of Ͻ 0.05 were taken as significant.
RESULTS
Localization of DPPIV activity in rat duodenum. Incubation of a fluorogenic DPP substrate GlyPro-AMC on the duodenal frozen sections produced strong green fluorescent staining in the vicinity of the villous cells brush border membranes (BBM) (Fig. 1, A and C) and submucosal interstitial cells (Fig. 1D) . The apical membrane of crypt cell was also weakly stained (Fig. 1D) . Coincubation with a selective DPPIV inhibitor NVP728 abolished the staining (Fig. 1B) , demonstrating that GlyPro-AMC fluorescence is DPPIV specific in rat duodenal mucosa. This result confirmed that DPPIV activity is mainly localized to the villous BBM as previously described (5) and in the submucosa such as in the capillaries-related structures (15) .
Effect of DPPIV inhibition on L-Glu/IMP-induced duodenal HCO 3
Ϫ secretion. To examine the role of DPPIV on L-Glu/ IMP-induced duodenal HCO 3 Ϫ secretion, we endeavored to inhibit BBM DPPIV with luminal perfusion of NVP728 (0.1 mM), and to inhibit submucosal DPPIV by iv injection of NVP728 (1 or 3 mol/kg). Coperfusion of L-Glu (10 mM) with IMP (0.1 mM) increased total CO 2 output (Fig. 2 ) measured as HCO 3 Ϫ secretion as previously reported (4, 39) . Luminal perfusion of NVP728 had no effect on the L-Glu/IMP-induced augmented HCO 3 Ϫ secretion ( Fig. 2A) . Perfusion of NVP728 alone also had no effect on HCO 3 Ϫ secretion (data not shown). In contrast, iv injection of NVP728 at 3 mol/kg enhanced the L-Glu/IMP-induced HCO 3 Ϫ secretion (Fig. 2B) , despite having no effect on basal HCO 3 Ϫ secretion (t ϭ 0 -10 min). NVP728 iv at 1 mol/kg had no effect (data not shown). Since L-Glu/ IMP-induced HCO 3 Ϫ secretion is mediated by GLP-2 release and GLP-2 receptor activation (39), these results suggested that inhibition of the submucosal DPPIV, not BBM DPPIV, enhances the effect of released GLP-2. Effect of TGR5 agonists on duodenal HCO 3 Ϫ secretion. Next, we examined the effect of luminal perfusion of the selective TGR5 agonists on duodenal HCO 3 Ϫ secretion. Luminal perfusion of a bile acid type TGR5 agonist BTA (10 M) had little effect on HCO 3 Ϫ secretion, which was enhanced by iv injection of NVP728 (Fig. 3A) . Luminal perfusion of a non-bile acid type TGR5 agonist CCDC (10 M) gradually increased HCO 3 Ϫ secretion, whereas iv injection of NVP728 remarkably enhanced CCDC-induced HCO 3 Ϫ secretion (Fig. 3B) . Furthermore, the enhanced BTA-or CCDC-induced HCO 3 Ϫ secretion by NVP728 preinjection was abolished by injection of the GLP-2 receptor antagonist GLP-2(3-33), confirming the involvement of GLP-2 receptor activation. These results suggested that the small effect of TGR5 activation on HCO 3 Ϫ secretion is substantially enhanced by DPPIV inhibition and mediated by GLP-2 release.
Effect of coperfusion of L-Glu/IMP with TGR5 agonists on HCO 3 Ϫ secretion. Since TGR5 activation increases intracellular cAMP (25) and enhances glucose-induced GLP-1 release, but alone had a little effect (36), we further hypothesized that TGR5 activation augments the nutrient-induced GLP2 release and consequent HCO 3 Ϫ secretion. BTA alone had little effect on HCO 3 Ϫ secretion, whereas coperfusion of BTA enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion (Fig. 4A) . Similarly, CCDC alone had a small effect on HCO 3 Ϫ secretion (Fig. 3B ), whereas coperfusion of CCDC apparently enhanced L-Glu/ IMP-induced HCO 3 Ϫ secretion (Fig. 4B ).
GLP-2 release and duodenal HCO 3
Ϫ secretion. Total HCO 3 Ϫ secretion and plasma GLP-2 concentrations measured during or after the challenge period are summarized in Fig. 5 . Increased GLP-2 release was correlated to the increased HCO 3 Ϫ secretion. L-Glu/IMP increased HCO 3 Ϫ secretion accompanied by augmented GLP-2 release as previously reported (39) . BTA or CCDC alone had no effect on HCO 3 Ϫ secretion and GLP-2 release, whereas BTA or CCDC enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion accompanied by enhanced GLP-2 release, suggesting that TGR5 activation amplifies the effect of L-Glu/ IMP.
DISCUSSION
We demonstrated that DPPIV inhibition potentiated L-Glu/ IMP-and TGR5 agonist-induced duodenal HCO 3 Ϫ secretion via GLP-2 release and that TGR5 activation enhanced the effect of L-Glu/IMP on GLP-2 release followed by the stimulation of HCO 3 Ϫ secretion. This is the first study to demonstrate . BTA or CCDC alone had little effect, whereas NVP728 (3 mol/kg iv) potentiated BTA-or CCDC-induced HCO 3 Ϫ secretion, the effect abolished by GLP2(3-33) (3 nmol/kg, iv). Each data point represents mean Ϯ SE (n ϭ 6 rats). *P Ͻ 0.05 vs. pH 7.0 Krebs group, †P Ͻ 0.05 vs. BTA group, ‡P Ͻ 0.05 vs. NVPϩBTA or NVPϩCCDC group. that DPPIV inhibition enhances duodenal physiological mucosal defenses and that combined activation of nutrient receptor and TGR5 enhances GLP-2 release in vivo. These results suggest that activation of chemosensors on L cells combined with a DPPIV inhibitor may protect the mucosa from injury via enhanced effects of GLP-2. DPPIV inhibitors have been used clinically to improve insulin secretion and treat Type 2 diabetes via the enhancement of the effect of GLP-1 secreted from L cells (9) . DPPIV inhibitors also prolong the half-life of GLP-2 (16). The intestinotropic effect of exogenous GLP-2 has been applied clinically to treat short bowel syndrome (21, 22) , and the DPPIV inhibitor sitagliptin increases intestinal adaptation following intestinal resection in mice (32) . We showed that although DPPIV activity was present on the brush borders and in the submucosa, enhancement of L-Glu/IMP-induced duodenal HCO 3 Ϫ secretion occurred only after iv injection of the DPPIV inhibitor. Since L-Glu/IMP-induced HCO 3 Ϫ secretion is mediated by a GLP-2 pathway (39), this result suggests that the DPPIV inhibitor increases the local, submucosal concentration of active GLP-2, enhancing HCO 3 Ϫ secretion, an important foregut defense factor.
The pathophysiological roles of bile acids are still controversial. Physiologically, bile acids are essential for long-chain fatty acid absorption and also can suppress bacterial growth in the upper intestinal lumen (30, 40) . Oral administration of chenodeoxycholic acid increases plasma GLP-2 level and prevents intestinal villous atrophy induced by total parenteral nutrition (20) . Cholic acid feeding alters gut microbiota composition, similar to the composition induced by high-fat diets (18) . Bile acid exclusion or diversion reduces nonsteroidal anti-inflammatory drug-induced enteropathy (19) . These opposite effects of bile acids may be due to their "detergent" effects owing to their amphipathic structure; beneficial for anti-bacterial effect and micelle formation, but potentially harmful owing to increased paracellular permeability. Furthermore, bile acids may modify cellular responses via the nuclear receptor farnesoid X receptor FXR (28) . Therefore, we attempted to perfuse the selective TGR5 agonists, a bile acid-type BTA and non-bile acid-type CCDC, but not natural bile acids. Our preliminary data showed that luminal perfusion of lithocholic acid, taurolithocholic acid, or taurodeoxycholic acid at 10 M had no effect on HCO 3 Ϫ secretion, whereas taurocholic acid (10 M) increased HCO 3 Ϫ secretion, possibly due to anion exchangermediated absorption (Inoue Y, Akiba Y, Kaunitz JD, unpublished data). Nevertheless, BTA or CCDC had little effect on HCO 3 Ϫ secretion, whereas DPPIV inhibition with luminal BTA or CCDC enhanced HCO 3 Ϫ secretion, suggesting that TGR5 activation rather than the detergent or "nuclear" effects of bile acids mediates GLP-2 release. This result is consistent with a previous study showing that the TGR5 agonist INT-777 has little effect on GLP-1 release, whereas a DPPIV inhibitor with INT-777 enhances GLP-1 release, the effect abolished in TGR5 knockout mice (36) . Furthermore, the enhanced TGR5 agonist-induced HCO 3 Ϫ secretion by DPPIV inhibitor preinjection was abolished by a GLP-2 receptor antagonist, supporting our hypothesis that DPPIV inhibition potentiates TGR5 activation-induced GLP-2 effect, followed by GLP-2 receptor activation on myenteric neurons (14) , then releasing secretagogues NO and VIP (39) (Fig. 6) . Capsaicin-sensitive afferent and vagal efferent nerves may not be involved in this pathway (39) . Finally, the sequence of cellular mechanisms augments HCO 3 Ϫ output from epithelial cells including cAMP or cGMP, Na ϩ : HCO 3 Ϫ cotransporter, carbonic anhydrases, and cystic fibrosis transmembrane regulator (24, 35) .
In GLUTag cells, bile acids alone have a little effect on GLP-1 release, whereas TGR5 agonists enhance glucose-induced GLP-1 release (33), suggesting that TGR5 activation amplifies nutrient-induced GLP-1 release. We showed that BTA or CCDC enhanced L-Glu/IMP-induced HCO 3 Ϫ secretion with enhanced GLP-2 release into PV, consistent with the previous study. Since L cells express numerous nutrient GPCRs (34), these results suggest that combined activation of nutrient GPCR and TGR5 enhances GLP-2 release. The lack of GLP-2 release and HCO 3 Ϫ secretory response by TGR5 agonist alone, but the enhancement by DPPIV inhibition suggests that TGR5 activation at concentrations used in this study may not be adequate to release GLP-2 sufficient to augment the rate of HCO 3 Ϫ secretion in the presence of DPPIV activity. The mechanism underlying TGR5-induced potentiation of nutrient chemosensing is still unclear. TGR5 activation increases intracellular cAMP concentration (25) . Since nutrient GPCRs expressed in L cells are mostly G␣q-coupled or phospholipase C␤2-related receptors (37) (6, 26) . Epac2 is present in islet ␤ cells (17) . In GLUTag cells transfected with Epac2-based FRET probe, the TGR5 agonist activates Epac2, followed by the enhanced [Ca 2ϩ ] i and GLP-1 release in response to glucose (33) , suggesting that the Epac pathway in L cells may explain how TGR5 activation amplifies T1Rs-mediated GLP-2 release.
In conclusion, DPPIV inhibition and TGR5 activation enhanced amino acid-induced HCO 3 Ϫ secretion in rat duodenum via GLP-2 pathway (Fig. 6) . The combination of luminal nutrients, TGR5 agonists, and DPPIV inhibition may be a novel approach to GLP-2 related therapeutics for such conditions as intestinal ulcers, mucosal atrophy, and short bowel syndrome. Ϫ secretion (gray arrows). DPPIV inhibition inhibits GLP-2 degradation, enhancing the effect of GLP-2 on HCO 3 Ϫ secretion (long dashed arrows).
